X-ray diffraction studies to ~90 GPa at room temperature show that Fe2TiO4 ferrous inverse spinel undergoes the following sequence of structural transitions :
crossover initiation regime in the Cmcm phase. Therefore site-specific spin crossover invokes a cooperative lattice response and polyhedral distortions at the rest of the highspin Fe sites, translating to 3d level (sub-band) changes and consequential orbital moment quenching. Near ~90 GPa Fe2TiO4 is a partially spin-converted chemically ordered Pmma post-spinel structure having a persistent charge gap of ~100 meV. Despite structural symmetry changes, partial spin crossover and lattice compressibility resulting in a ~33% total reduction in unit-cell volume and corresponding 3d bandwidth broadening, strong electron correlations persist at high densification.
I. Introduction
Ulvöspinel, Fe2TiO4, is a II-IV inverse spinel which contains ferrous ions which occupy both tetrahedral (A) sites and octahedral (B) sites. Fe 2+ and Ti 4+ cations are disordered on the B sub-lattice and the spinel formulation may be rendered as follows Fe 2+ ( Fe associated Jahn-Teller effects [3] [4] [5] [6] .
Of no less importance or interest is that ulvöspinel is an end-member of the important titanomagnetite solid solution between Fe3O4 (magnetite) and Fe2TiO4. Compositions of titanomagnetite are the dominant carrier of magnetic remanence in nature and have central importance to paleomagnetic, rock magnetic, and mineral magnetic studies [7, 8] .
Titanomagnetite solid solutions may be formulated as Fe3-xTixO4, where x defines the proportion of ulvöspinel in the solid solution. Moreover the magnetostriction and magnetocrysalline anisotropy mentioned above for Fe2TiO4 also occur in the solid solution series Fe3-xTixO4 and the extent of these magnetic responses are positively dependent on the ulvöspinel content [9, 10] .
Extensive high pressure studies have already been conducted on the one end-member, magnetite Fe3O4 , see Glazyrin et al. [11] for studies to ~25 GPa and Xu et al. [12] for investigations to higher pressures exceeding 50 GPa, and references cited in those publications. Strong on-site repulsion effects associated with the partially filled narrow 3d bands render insulating behavior to mixed-valence magnetite Fe 3+ (Fe 2+ Fe 3+ )O4 at ambient pressure. These strong electron correlation effects and non-metallic behavior seem to persist to very high pressures exceeding ~50 GPa [13] . Beyond this pressure only annealing at high temperatures of 1050 K [14] , or pressurizing to much higher pressures of ~120 GPa at room temperature yields a positive temperature coefficient of resistance and resistivity values typical of a poor metal in the vicinity of room temperature [12] . There is controversy about magnetic-electronic aspects of the compound in the low pressure regime where there are claims and counter-claims for an electronic change from x-ray magnetic circular dichroism and 57 Fe MS investigations, respectively [11, 15] .
Here we conduct a similar comparative investigation of the other end member Fe 2+ (Fe 2+ Ti 4+ )O4. By using a combination of variable cryogenic temperatures 57 Fe
Mössbauer-effect spectroscopy (MS) and electrical-transport ( resistance) probes as well as complementary x-ray diffraction (XRD) structural studies at in-situ pressures to ~90
GPa, we provide insight into the interplay between the magnetic-electronic aspects and lattice-structural responses at varying degrees of high densities.
It is also anticipated that this will serve as important reference information when interpolating to members of the solid-solution series of pertinence to rock magnetism and the geosciences. In addition, spinels represent an abundant structure-type in both the lower crust and the upper mantle. They are known to exhibit a pressure-induced phase transformation to orthorhombic post-spinel CaFe2O4-, CaMn2O4-and CaTi2O4-type structures; for a review see the reference of Erandonea [16] . There are hardly any magnetic-electronic investigations of these post-spinel phases in comparison to the extensive structural investigations already published [16] .
Previous high pressure XRD structural studies have demonstrated that Fe2TiO4 undergoes a series of structural phase transitions from cubic ( 3 Fd m ) to tetragonal (I41/amd) at ~9 GPa, and then to an orthorhombic post-spinel structure (Cmcm) at ~16 GPa [1, 17] . The tetrahedral sites of the spinel evolve to 8-fold coordinated sites in the post-spinel structure [18] , in addition to structurally adjusted 6-fold coordinated sites occurring in which the Fe/Ti remains chemically disordered. Yamanka et al. [1, 17] have also shown that in a number of Fe3-xTixO4 compositions the transition pressure to an orthorhombic post-spinel phase has a nearly linear dependence on x at room temperature. It varies from 25 GPa for x = 0 (magnetite) to ~16 GPa for x = 1 in the other end member, ulvöspinel. In particular in Fe2TiO4 another high pressure polymorph was deduced to occur above 50 GPa. Refinements of XRD data in the range 5060 GPa in terms of Pmma symmetry, corresponding to Fe/Ti chemical order in 6-fold coordinated sites, yield the highest reliability factors [17] . This represents a non-isomorphic subgroup of the Cmcm space group. Later Raman pressure studies to ~57 GPa [19] , seem to corroborate this sequence of structural transitions. Yamanaka et al. [17] also present Fe K x-ray emission spectroscopy (XES) results for Fe2TiO4. They contend therein that spin crossover to diamagnetic low-spin Fe initiates as low as ~14 GPa at room temperature and progresses to completion by ~30 GPa. This would have important geomagnetic implications given the role of the Fe3O4-Fe2TiO4 solid solution series in this regard. The XES experiments do not reveal a detailed picture of the crystal-chemistry changes associated with the purported spin crossover and its relation to the structural transitions mentioned above. For example, does the spin pairing occur at all of the 6-fold coordinated Fe sites ? A much more suitable probe of this detail is obtained by variable temperature 57 Fe MS, which is a direct probe of the Fe magnetic-electronic state even under in-situ extreme pressure-temperature conditions. In this regard exceedingly important and unique information may be discerned, in that spin and oxidation states and their distribution and abundances in the lattice structure are obtained from the deconvolution of sub-components in a spectrum [20] . We implement this to ~90 GPa, well beyond previous high pressure MS studies on ulvöspinel by Wu et al. [21] limited 5 to 24 GPa at room temperature. In addition we extend the XRD measurements and analysis to ~90 GPa, also to well beyond the previous investigations of Yamanaka et al. [1, 22] . Our complementary electrical resistance measurements complete the picture of the pressure evolution of strong electron correlations in the various structural phases.
II. Experimental
The Fe2TiO4 sample is the same as that used in the previous study by Wu et al. [21] .
This involved a solid-state reaction of stoichiometric quantities of Fe2O3 and TiO2 at a predetermined oxygen fugacity using an appropriate CO-CO2 mixture. The Fe2O3 precursor material was enriched to ~63% 57 Fe by thorough mixing of near fully enriched and natural abundance oxides. The cubic structure and magnetic properties were compatible with previous reports of phase pure samples at ambient pressure [1, 2] , as confirmed by conventional powder XRD and also by variable cryogenic temperature MS in our laboratory.
57 Fe Mössbauer-effect studies were carried out using a 57 Co(Rh) 10-mCi point source in the 5-300 K temperature range involving a top-loading liquid-helium cryostat [23] . The typical collection time of a spectrum was ~24 hours. Spectra at the highest pressures near ~90 GPa at variable cryogenic temperatures, involving much shorter data collection times, were recorded at the European Synchrotron Radiation Facility (ESRF, GrenobleFrance) using synchrotron Mössbauer source methodology [24] . Spectra were analyzed using appropriate fitting programs from which the hyperfine interaction parameters and the corresponding relative abundances of the spectral components were derived [25, 26] . The isomer shift (IS) in the present work is calibrated relative to an -Fe foil at ambient conditions. The Tel-Aviv University (TAU) miniature piston-cylinder DAC was used [27] , with anvils having 300-m diameter culets for pressures to ~60 GPa and 200-m diameter culets for P > 60 GPa. Samples were loaded into 100 to 150-m diameter cavities drilled in a rhenium gasket for MS studies. This also served as an effective collimator for the 14.4 keV -rays. Liquid Argon was used as a pressurizing medium [28, 29] . A few ruby chips were included in the sample cavity for pressure measurements by way of the ruby R1 fluorescence pressure marker.
Powder XRD measurements were carried out at room temperature in angle-dispersive mode with a wavelength of  = 0.3738 Å at the Pression Structure Imagerie par Contraste à Haute Énergie (PSICHÉ) beamline of Synchrotron Soleil (Paris).
Pressurization was by means of a TAU piston-cylinder DAC with anvils having 200-m diameter culets. The sample with a few ruby chips was loaded into a 100-m diameter cavity drilled in a rhenium gasket pre-indented down to a final thickness of ~15 m and Ne or He was used as the pressure transmitting medium. Diffraction images were collected using a MAR345 image plate detector and integrated using the FIT2D [30, 31] and DIOPTAS software [32] . Powder diffraction patterns were analyzed using the GSAS-II software [33] to extract the unit-cell parameters.
The intensities of the diffraction peaks are affected by instrumental and grain-size issues (diamond x-ray absorption and low statistics in random distribution of the sample crystallites). Therefore the Rietveld refinement of the powder diffraction patterns did not result in a good enough fit. Hence diffraction patterns were analyzed by using the whole profile fitting (Pawley) method [34] . Diffraction spectra mainly exhibit peaks from the Fe2TiO4 sample, as well as minor peak contributions from the gasket (Re) and the pressure medium (Ne). These phases were considered in the refinements. The reliability factor Rwp obtained in the refinement of each of the powder diffraction patterns is ~1%.
Resistance measurements in the TAU piston-cylinder DAC involved sample loaded into ~100-m cavities drilled in rhenium gaskets insulated with a layer of Al2O3-NaCl The calibration scales mentioned in ref. [35] were used for pressure determination from the ruby fluorescence measurements. The error in the pressure determination is 510% of the reported average pressure from the ruby fluorescence measurements in the case of the MS and resistance experiments. In the case of the XRD measurements, pressure was determined from the ruby fluorescence spectra up to ~51 GPa. The Ne equation of state was used to ascertain pressures in the range 1085 GPa [36] . Both methods give rather similar pressure values; the difference not exceeding 0.5 GPa. The error in the pressure determination is about 2% of the reported average pressure.
III. Results and discussion
The magnetic-electronic behavior up to ~90 GPa is summarized in the evolution of representative Mössbauer spectra at room temperature (RT) and lowest cryogenic temperatures (LT) in Fig. 1 .
In fitting the Mössbauer spectra in this range we first consider the spectrum and 
A. Cubic and tetragonal phases, ambient pressure to ~16 GPa
X-ray investigations from ambient pressure to 8 GPa show the structure to be cubic spinel at room temperature. From thereon up to 16 GPa it is tetragonally distorted [1] . HS(VI-2)), respectively. This provided the best fit to both LT and RT spectra and is a slight variant on the four component model of ambient pressure, in that the two suites representing tetrahedral A sites are now merged whereas the two suites associated with the octahedral B sites are retained. This change is a result of the sharpening of the spectrum. The change occurs mainly with the A-site QS components likely because these also have contributions from the dynamical Jahn-teller effect in the cubic structural phase. These are probably very sensitive to pressurization, similar to the sensitivity seen in varying the temperature [20] . A plot of the pressure dependence of the HI parameters is depicted in Fig. 2 . It may also be noted in Fig. 2 that from 1 GPa to ~8 GPa in the cubic phase at RT that the QS of the sites have a much stronger pressure dependence than when the compound becomes tetragonal as pressure rises above 8 GPa. This is another indicator of the sensitivity of dynamical Jahn-Teller distortions and its associated QS contribution to applied pressure and stresses in the sample, as mentioned earlier. This also marks a boundary where the cubic-to-tetragonal transition temperature has risen from TJ-T ~ 163 K at ambient pressure up to room temperature by ~8 GPa.
As in the interpretation of spectra at ambient pressure the two categories of HS(VI) octahedral sites in this pressure regime are ascribed to two levels of partial Fe/Ti order in the B sub-lattice [2] . In Fig.2 (atomic spin S=0). This contradicts the claims from XES experiments that spin crossover to a low-spin state is initiated as low as ~14 GPa [17] . Those experiments, limited to ~31
GPa, involve monitoring small intensity changes of relatively weak K´ satellite features ascribed to the HS abundance and may be prone to systematic errors. At the onset of spin crossover at HS(VI-2) sites the cooperative lattice response of HS(VIII) and HS(VI-1) polyhedra is such that the b2g and a1 lowest lying orbital levels are shifted to sufficiently below higher lying levels (eg and a2, respectively) in Fig. 7 , for orbital quenching to occur. The minority spin electron () then predominantly populates these lowest lying orbitals which do not render an orbital moment contribution [43] .
Furthermore the maximum value of the EFG, Vzz , and thus QS [37] depends primarily on the 3d orbital occupancy of the minority spin electron. This is because Yamanaka et al. [17] contend from x-ray pressure studies that a further structural adjustment occurs in the vicinity of ~50 GPa. They have refined the patterns above ~50
GPa in terms of the Pmma space group, a non-isomorphic sub-group of Cmcm. Recall that spin-state changes at specific octahedral sites (VI-2) are onset within the post-spinel Cmcm structure preceding this transition to the Pmma phase. We speculate that atomic diffusion processes are enhanced for the resultant LS species with smaller atomic volume. This facilitates the subsequent Cmcm  Pmma disorder/order transition in the sub-lattice of 6-fold coordinated sites.
The temperature dependence of the resistance measured to a highest pressure of ~68
GPa indicates continued activated transport processes (linearity in ln(R) vs 1/T ) similar to the preceding Cmcm structural regime. The charge gap (EG = 2Ea) deduced from fits to the linearized data in the inset of Fig. 5 is EG ~120 meV at ~68 GPa. The pressure dependence of the resistance at RT to much high pressure shows a plateau behavior from ~68 GPa onwards up to ~80 GPa. This suggests that the sample remains non-metallic to the highest pressure of this study, i.e., to near a megabar.
IV. Summary and conclusions
We arrive at the following conclusions on the pressure response of the magneticelectronic behavior of ulvöspinel Fe2TiO4 and its relation to structural transformation and electrical-transport behavior :
(i) The cubic-to-tetragonal transition rises from TJ-T ~ 163 K to room temperature by ~ 8 GPa, after which tetragonality at RT prevails until ~16 GPa when a new structural transition is onset. Complex magnetic spectra occur , reflecting levels of disorder in the contrast to previous claims of spin crossover initiating as low as ~14 GPa [17] . Indeed spin crossover does occur but only at specific 6-fold coordinated sites and it initiates beyond 40 GPa within the Cmcm phase. The relatively small volume change of ~3.5%
across the spin crossover regime is considered corroboration of only partial conversion of 6-fold coordinated Fe sites to the low-spin state.
(iv) At pressures beyond ~55 GPa XRD profiles indicate symmetry lowering to the Pmma sub-group supposed to be associated with Fe/Ti order at 6-fold coordinated sites.
Partial spin crossover initiated in the preceding Cmcm phase facilitates a subsequent disorder/order transition to the Pmma phase in the vicinity of ~55 GPa. Analysis of the MS spectra indicates that the partial spin crossover, limited to the highly distorted 6-fold coordinated sites of ~25 % abundance, persists up to ~90 GPa in the Pmma phase. where eqzz Vzz is the maximum value of the electric field gradient (EFG) from the site asymmetry and Q is the quadrupole moment.
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